A combined experimental and computational study suggests that a reduction in the entropy of activation in the solid state can lead to the protodeboronation of boronic acids.
Among the ways in which enzymes accelerate bimolecular reactions, one of the least contentious is that they organize the reacting molecules such that they are primed for reaction. 1, 2 Similar factors contribute to reaction acceleration by catalytic RNA and organic capsules. 3 The entropic barrier to the reaction is reduced by the formation of stabilising interactions between the reactants and the catalyst; the reaction is rendered intramolecular. The formation of a crystalline lattice also involves molecular organization and if it arranges functional groups in such a way that they are primed for reaction, an accelerated reaction could result. Estimates of the entropic contribution to the free energy barrier for bimolecular reactions in solution at room temperature range from 2.5 kcal/mol to 10.4 kcal/mol. 2, 4 Removing even the low end of this range would amount to a large acceleration. As detailed below, we believe such an acceleration, caused by formation of the solid state, contributes to the protodeboronation of boronic acids. Boronic acids are ubiquitous reagents in modern synthetic organic chemistry, due to their utility in Suzuki-Miyaura cross-coupling (SMCC) and many other synthetic transformations. [5] [6] [7] [8] Most are stable reagents but certain examples (eg 2-heteroarylboronic acids) are susceptible to degradation via protodeboronation (PDeB), either under storage as the neat reagent, or under SMCC conditions. 7, [9] [10] [11] [12] Some 'protected' derivatives have been developed to allow longterm storage and slow-release of delicate boronic acids under aqueous basic reaction conditions, 9-15 but these reagents are less synthetically efficient and, for some, subtle changes in reaction conditions can affect their rates of release. [13] [14] [15] By understanding PDeB we wished to enable the use of the more efficient parent boronic acids where possible. Kuivila and co-workers performed extensive studies of PDeB under aqueous acid and base conditions and revealed mechanistic details of both. [16] [17] [18] [19] These are unlikely to be relevant here because boronic acids are not strong acids like those shown to be required to promote PDeB. [16] [17] [18] [19] The neutral pathway proposed by Kuivila also relies upon their acidity, which requires addition of water with liberation of a proton, and is highly unlikely under neutral conditions. 18 The first decomposition pathway considered by ourselves was that PDeB of neat boronic acids occurs upon long-term exposure to atmospheric water during storage. Computationally, two mechanisms were found. The first involves one water molecule and a one-step process; the water molecule provides a proton to the aromatic carbon atom while simultaneously forming an O-B bond and cleaving the C-B bond. The transition state for this process, TS1, is shown in Figure 1 and corresponds to a free energy barrier of 47.0 kcal/mol. All calculations employed the M06/6-311+G**//B3LYP/6-31+G** level of theory with PCM solvation and were performed in Gaussian09 and 03. [20] [21] [22] [23] [24] [25] [26] [27] Benchmarking calculations revealed that this level of theory performs well compared to MP2/6-311+G** calculations (see supporting information). Plumley and Evanseck have shown that M06-2X performs better than M06 for borane-ammonia complexes but Lee et al. selected M06 as a more accurate level of theory, in line with our own findings. A six-membered ring transition state alternative, in which a second water molecule facilitates the reaction, was also located and the lowest energy possibility is shown as TS2 in Figure 1 . Structure TS2 corresponds to a lower gas phase enthalpy of activation (H act ) of 19.8 kcal/mol than TS1, which has a computed H act of 34.0 kcal/mol. However, the entropic penalty involved in bringing three species together in TS2 results in an aqueous phase free energy barrier that is 3.3 kcal/mol higher than that for TS1. Despite the errors inherent to the calculations, these barriers are inconsistent with degradation over the course of days to years. The observation of Hall, that water might actually stabilise boronic acids is, at the least, not impossible. 32 The measurements of half lives and activation free energies for a range of biologically important reactions in water by Wolfenden and co-workers (plotted in Supporting Information) suggest that degradation over the course of days to years would be consistent with free energy barriers in the 27 -33 kcal/mol range. 33 Three examples were selected for experimental study in order to verify this surprising finding (i.e. that water is not the causative agent in PDeB): furan-2-yl-, thiophen-2-yl-and benzofuran-2-ylboronic acid, each of which have been reported to degrade significantly within 15 days when stored as neat reagents. 9 When heated under microwave irradiation to 130 °C for 30 minutes, in either water alone or in tetrahydrofuran:water (4:1) mixtures (to aid solubility of the boronic acid), little or no degradation could be observed when the reaction mixtures were analyzed by LCMS (see supporting information). The lack of decomposition of furan-2-yl boronic acid under these conditions is especially surprising because this is reported to be one of the more unstable heterocyclic boronic acids. 9 Experiment and theory concur that water alone is not responsible for the PDeB of boronic acids upon storage. Attention was next turned to the boronic acid molecules themselves. Transition states analogous to TS1 but where a boronic acid provides both the Lewis basic oxygen atom and the requisite proton were computed: the lowest enthalpy example is TS3. The free energy barriers for these processes (Figure 2 ) are also prohibitively high, with the lowest being over 50 kcal/mol. If, however, there were a reduced or eliminated entropic barrier, the enthalpic barrier (34.1 kcal/mol) would be in line with the free energy barrier for a process that occurs at room temperature over the course of days to years. During formation of the solid state, various crystal packing forces determine the arrangement of the functional groups and might preorganize boronic acids for PDeB, thereby reducing the entropic cost of bringing two molecules together. All of the crystal structures available for boronic acids published in the Cambridge crystallographic database (CCD) were retrieved and several The distribution of boron to oxygen distances, d, is shown in Figure  3 (A). The number of structures with d less than 4 Å is enhanced and those with d less than 3.7 Å are shown as blue crosses in Figure 3 (B). The plot of θ 1 vs. θ 2 shown in Figure 3 (B) , identifies commonly occurring supramolecular structural features. The area highlighted by the purple box corresponds to the cyclic hydrogen bonding interaction shown below the plot. Hall stated that boronic acids regularly form these interactions in the solid state. 32 The orange box in Figure 3 (B) corresponds to an interaction between the oxygen lone pair of one boronic acid and the Lewis-acidic boron atom of another (assuming lone pairs in the 89 -140˚ positions on the oxygen atoms) and represents examples 'primed for PDeB'. It is found that 16 of the 74 (21.6 %) crystal structures that have d < 3.7 Å satisfy these criteria. The crystal structure of phenylboronic acid illustrates the key solid-state structural motifs (end-to-end hydrogen bonding and boron-oxygen interaction) for boronic acids and is shown in Figure 4 . 35 Further crystal structure analysis is presented in the supporting information. The manuscripts describing the preparation of material leading to the crystal structures represented by the blue crosses in the orange box were examined. The yield of the compound leading to this crystal structure was compared to that of all other boronic acids described in the same paper. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Such compounds were prepared under similar conditions and so their yields can reasonably be compared. It was found (see supporting information) that compounds which form crystal structures that satisfy the geometric requirements highlighted in Fig. 3 are formed in 11 % lower yield on average than other boronic acids reported in the same paper. Given that compounds are presumably prepared in the solid state and studied crystallographically soon after and that the other compounds in the papers remain uncharacterized by crystallography and so may also provide the correct geometries, it is at least suggestive that this geometrically identified subset is prone to faster degradation. The consequences of the end-on-end hydrogen bonding interaction were probed by computing energetics in its presence; these are compared to those in its absence in Figure 5 . There is a substantial (9.6 kcal/mol) driving force for the formation of the hydrogen bond which, although overstated in gas phase calculations, is consistent with the observations shown in Figure 3 . The compromises involved in forming the solid state should ensure that examples which are primed for PDeB have an energy in the region highlighted in purple in Figure 5 , in which the full enthalpy of stabilization due to hydrogen bonding is not achieved and in which the O-B interaction is partially formed. Such a structure is substantially arranged as required for the PDeB process and the enthalpic barrier must therefore be at least 23.2 kcal/mol but less than 32.8 kcal/mol for phenylboronic acid. Such a value, combined with a modest T∆S component, is entirely consistent with degradation over the course of days to years. Fig. 5 The effect of intermolecular hydrogen bonds on boronic acid mediated PDeB. Gas phase enthalpies in kcal/mol relative to three molecules of boronic acid are provided.
The enthalpic barriers have been computed for the processes shown in Figure 5 for some of the examples found by Burke and co-workers to degrade over the course of 15 days upon benchtop storage (Table  1) . 9 The observed levels of degradation are consistent with the magnitude of the computed barriers. Although the pre-organization of boronic acids in the solid state can promote the PDeB reaction, arrangements that place boronic acids in geometries that are not primed for PDeB (the majority) are likely to protect them from degradation. These studies have examined crystalline solids, but the same motifs most likely dominate in amorphous solids which will also include a range of orientations and retain limited mobility. 55, 56 R % Boronic acid remaining [10] H This process for PDeB may be further enhanced because the product of the reaction is computed to be more reactive than the reactant. As summarized in Figure 6 , with each reaction, a larger agglomeration of boronic anhydrides could build up which have enhanced Lewis acidity and are more prone to react with a molecule of boronic acid than their precursor. This would suggest that the appropriately structured crystalline material could degrade very rapidly because each step would create a more reactive molecule and be positioned ready to react. This must be set against an unknown effect upon the entropy of activation. Further investigations would be required to investigate whether this computed effect is manifested experimentally. The six-membered boroxine ring is also computed to be more reactive but to be an energetically disfavored species and we were unable to find evidence of them playing a significant role in PDeB of neat boronic acids. The proposed mechanism would imply that unstable boronic acids could be stored in solution. This was found to be the case and boronic acids previously shown to be unstable as neat reagents, over the course of 15 days, undergo little or no decomposition after 1-2 months in THF solution (Figure 7) , even using reagent-grade solvent that is neither dried nor degassed. As well as being of practical relevance to the storage and utility of these reagents, these observations also provide support for a 'solid-state' promoted decomposition pathway. In conclusion, we have carried out a practical and computational study of the possible mechanistic pathways for the PDeB of boronic acids when stored as neat reagents. Prohibitively high computed free-energy barriers for the decomposition of boronic acids by water, together with the practical observation that little PDeB occurs in the presence of excess water suggest that water alone is not the causative agent in PDeB of neat boronic acid samples. We propose a solidstate pre-organization effect, which is backed by the presence of the required supramolecular arrangements in the CCD, as well as by the fact that little or no decomposition is observed for notoriously unstable boronic acids eg. furan-2-ylboronic acid, when stored in solution for prolonged periods. Computed enthalpies of reaction combined with small entropic barriers, as expected for pre-arranged species, would entail a free energy barrier consistent with the observed rate of degradation. We recommend that boronic acids be stored as solutions whenever they are not required for immediate use.
